Purpose: Congenital disorders of glycosylation (CDG) result from mutations in N-glycan biosynthesis. Mutations in phosphomannomutase (PMM2) cause CDG-Ia. Here, we report four clinically mild patients and their mutations in PMM2. Methods: Analysis of the PMM2 cDNA and gene revealed the mutations affecting the glycosylation efficiency. Results: The patients have 30% to 50% normal PMM activity in fibroblasts due to different mutations in PMM2, and we studied the effect of each mutation on the PMM activity in a Saccharomyces cerevisiae expression system. Conclusions: Each patient carried a severe mutation that decreased the PMM activity to less than 10% as well as a relatively mild mutation. A new mutation, deletion of base 24, changed the reading frame. The C9Y, C241S, and L32R mutations showed 27% to 45% activity when expressed in the eukaryotic expression system, and the more severe D148N was shown to be thermolabile. Genet Med 2001:3(6):393-398.
Congenital disorders of glycosylation (CDG) are autosomal recessive metabolic disorders resulting from mutations in both alleles of any of several different genes in the N-linked oligosaccharide pathway. CDG-Ia is by far the most common and is caused by mutations in PMM2 that codes for phosphomannomutase (mannose-6-phosphate 3 mannose-1-phosphate). 1 Mutations in this gene decrease the supply of intracellular GDP-Man and limit the amount of lipid-linked oligosaccharide (LLO) precursor available for protein glycosylation. 2 This limitation leads to unoccupied glycosylation sites on some proteins. Likewise, patients with CDG-Ib, which is caused by defects in phosphomannose isomerase (MPI or PMI) also make insufficient GDP-Man for complete glycosylation. 2 CDG-Ic is caused by mutations in ALG6, [3] [4] [5] which encodes an ␣-1,3 glucosyltransferase that adds the first glucose residue to the LLO precursor. Although CDG-Ic patients make a normal amount of LLO, nonglucosylated precursor is a poor substrate for the oligosaccharyl transferase, and this too leads to unoccupied glycosylation sites. 6 -8 Each of these defects can be detected easily by altered isoelectric focusing patterns of serum transferrin and biochemically characterized by enzymatic assays and/or altered [2] [3] H]mannose labeling patterns from patient fibroblasts. 9 The symptoms of CDG-Ia vary, but typical features such as mental and psychomotor retardation, variable dysmorphology (inverted nipples, fat pads), internal strabismus, feeding problems, failure to thrive, as well as cerebellar hypoplasia are often seen. 10 -13 The disease can have a lethal outcome in early childhood. 14, 15 Over 50 different mutations have to date been identified in PMM patients, 15 and a recent study shows some correlation of the clinical severity of mildly affected CDG-Ia patients with the residual activity of PMM. 16 In this study, we analyze four untyped CDG patients (two of them siblings). We find that each patient has a functional PMM2 allele with mild mutations inherited from one parent and a severely deficient PMM2 allele inherited from the other parent. This leads to 30% to 50% residual PMM activity in the patients, but analysis of the patients' fibroblasts showed normal LLO and glycosylation efficiency.
MATERIALS AND METHODS

Media and materials
Most of the materials were obtained from Sigma Chemical Co. (St. Louis, MO) except for the following: minimal essential medium (␣-MEM and DMEM) (Gibco BRL, Baltimore, MD), RPMI 1604 medium (Irvine Scientific, La Jolla, CA), fetal bovine serum (Hyclone Laboratories, Logan, UT), and Microsorb-MV NH 2 19 was a kind gift from Dr. Randy Schekman.
Analysis of serum transferrin
Isoelectric focusing (IEF) analysis of transferrin was done using sera from the patients; defined cases of CDG-Ia, -Ib, and -Ic; as well as normal controls as described previously. 20 Enzyme assays PMI (EC 5.3.1.8) and PMM (EC 5.4.28) assays were carried out as described previously. 20 -23 
Radioactive labeling
Labeling with [2- 3 H]mannose and isolation and characterization of [2- 3 H]mannose-labeled LLO and oligosaccharides from glycoproteins were done essentially as described previously. 20, 24 Sequence analysis of the cDNA and genomic DNA Extractions of total RNA and DNA, first-strand PCR, amplification, purification, and sequencing analysis of the PMM2 gene were done as described previously. 25 
Expression of patient PMM alleles
Subcloning and transformation of E. coli and yeast were carried out using standard procedures. 18 Cloning and expression of the various PMM alleles was essentially done as described. 25 This method resulted in the plasmids pWE313 encoding normal wild-type PMM, pWE219 encoding ⌬c24, pWE314 encoding L32R, pWE222 encoding C9Y, pWE223 encoding D148N, pWE505 encoding C241S, and pWE516 encoding R123Q PMM. The analysis of the transformants was done as described. 25 
RESULTS
Patient description
All four patients had developmental delay associated with hypotonia and esotropia, but with less severe neurologic and cutaneous manifestations than typically seen in CDG-Ia patients. 11,26 -28 Patients 2 and 3 showed signs of periodic liver insufficiency as sometimes seen in other CDG patients, 1, 11, 29, 30 and they also showed slower postnatal growth velocity based on normal values of height and weight. All the children have made developmental progress while under observation, but remain moderately delayed by comparison with their peers. Other than these features, they have few medical problems.
Treatment with oral mannose (patients 1 and 2), 0.15 mg/kg PO QID for 12 months, did not improve plasma glycoproteins, although development progressed during this period. The clinical data are summarized in Table 1. IEF of serum transferrin showed a pattern typical of CDG-I. The patients had increased levels of a-and disialotransferrin, but the ratio between normal glycosylated and asialotransferrin was higher in Patient 1 compared with the others (data not shown). Thus, further tests were conducted.
Assays of PMM and PMI activity
Fibroblasts from three of the patients were assayed for PMI and PMM activity. Due to the familiar relations to Patient 3, the tests were not performed on Patient 4 to avoid unnecessary stress to the patient. The patients showed normal levels of PMI activity (data not shown). However, the PMM activity was impaired, although not as severely as usually observed for the ethnically matched CDG-Ia patients 21, 22, [31] [32] [33] (Table 2 ) who show less than 15% normal activity. Assays were initially done at 25ЊC, but the surprisingly high activities in the patient's and some parent's cells suggested that an assay temperature of 37ЊC would be more relevant and perhaps show thermolability. However, assays at both temperatures gave essentially the same amount of residual activity compared with control.
Each of our patients had at least 27% residual activity when compared with a parallel control analyzed simultaneously. The parents were asymptomatic, and one parent had 50% to 60%, and the other 70% to 100% normal PMM activity. The residual activity in the patient was not substantially lower than the lowest activity in one parent. [2- 3 H]Mannose metabolic labeling of CDG fibroblasts usually shows decreased incorporation into proteins and altered LLO structures. 3,5,6,20,34 -37 This finding was not seen in Patients 1 and 2. The LLO pattern was normal, consisting almost entirely of Glc 3 Man 9 GlcNAc 2 ( Fig. 1) . Furthermore, both these patients incorporated essentially normal amounts of [2- 3 H]mannose into protein when normalized to protein content or 35 S-amino acid incorporation during labeling (Fig. 1 , boxed numbers in bold). Based on previous studies, these results suggested that our mildly affected patients did not have the cellular biochemical features typical of previously known CDG defects. LLO analysis was not done for Patients 3 and 4.
Mutations in PMM2 and their consequences
Using the cDNA obtained from RT-PCR as well as genomic DNA, the PMM2 sequence was analyzed in the patients and available parents. All patients had two heterozygous mutations. Patient 1 was heterozygous for 722GϾC resulting in C241 changed to a serine on the protein level and 368GϾA resulting in R123Q in the PMM protein. The first mutation was inherited from the mother and the latter from the father. Patient 2's cDNA showed 26GϾA (resulting in C9Y in the protein) and 442GϾA (resulting in D148N in the protein), the paternal and maternal allele, respectively. Patients 3 and 4 had identical mutations. The deletion of base C24 changed the reading frame, and mutations 95TϾG and 96AϾC affected the same codon changing L32 to an arginine. Because these mutations seemed to have a very mild effect on the PMM function and did not affect the glycosylation or LLO pattern in at least patients 1 and 2, we wanted to test the functional consequences of each gene alteration. Each allele was recloned into a yeast expression vector and transformed into a sec53 ts yeast strain with a temperature sensitive mutation in the essential PMM2 homolog SEC53. 38 This strain fails to grow at 30ЊC, but can be rescued by introduction of the SEC53 gene. 19, 39 Figure 2 shows the ability of the various alleles to rescue the sec53 ts strain at the two restrictive temperatures 30ЊC and 37ЊC (Figure 2A and B, respectively). Wild-type human PMM2 is fully capable of rescuing the strain at both temperatures ( Fig. 2A and B; lane 1) . Interestingly, one of the patient's alleles is also able to fully complement the growth defect, whereas the other allele is virtually ineffective ( Fig. 2; lanes 2-7) and comparable to a strain completely lacking PMM activity ( Fig. 2; lane 8) . Both sets of plates were incubated at 37ЊC for 2 days (40 hours) before one set was transferred to 30ЊC. After transfer, the maternal allele from Patient 2 started to grow, indicating that the D148N mutation produces a thermolabile enzyme (Fig. 2A, lane 4) . Yeast carrying the paternal allele from Patient 1, resulting in the R123Q PMM ( Fig. 2A and B, lane 3) , was not able to survive at either temperature. However, it is obvious from this growth experiment that the C241S, C9Y, and L32R mutations do not change the ability of PMM to complement the sec53 ts phenotype and, thus, must be considered as very mild mutations. However, it is not known how much PMM activity is needed for survival and growth in yeast; therefore, we also measured the specific activity of the expressed PMMs.
Expression and characterization of wild-type and mutant PMM2 in S. cerevisiae
To address the influence of the various PMM2 mutations in on the activity of the enzyme in a eukaryotic system, we expressed the proteins in PMM-deficient yeast and measured the activity in the extracts. Figure 3 shows the activities expressed as percent of normal wild type human PMM activity. The plasmid carrying the common mutation R141H 40, 41 gave the same activity as the vector without insert. This finding is expected, because this mutation is believed to be lethal in the homozygous state. 41 The three mild mutations (C241S, C9Y, and L32R) still showed a significant amount of activity compared with the more severe mutations (R123Q, D148N, and ⌬c24) even though they were below wild-type levels. The mild mutations recently have been expressed in E. coli with results comparable to ours. 42 
DISCUSSION
Synthesis of a typical biantennary N-linked oligosaccharide chain probably requires over 50 gene products specific for glycosylation. At least 30 of these genes are used to assemble and transfer LLO to proteins. Mutations in nine genes that affect N-glycosylation have been shown to cause various types of Fig. 1 HPLC analysis of the LLO. Fibroblasts from control patients and established CDG-Ia patients were labeled for 1 hour with [2- 3 H]mannose in medium containing 0.5 mM glucose. The LLO was isolated, hydrolyzed from the lipid carrier, and analyzed by amine adsorption HPLC to separate the oligosaccharides based on their size. Upper panel shows the elution profile from control cells. The main peak coelutes with a radiolabeled standard Glc 3 [2- 3 H]Man 9 GlcNAc 2 (G3M9N2), whereas the minor peak coelutes with [2- 3 H]Man 9 GlcNAc 2 (M9N2) purified from an ALG6-deficient yeast. The two middle panels show the LLO profile from Patient 1 and 2, respectively, showing normal pattern, whereas the main peak in the LLO profile from typical CDG-Ia patients coelutes with the [2- 3 H]Man 5 GlcNAc 2 (M5N2) standard. Inserted numbers in bold are the average Ϯ of 3 independent experiments of the ratios between incorporated amounts of [2- 3 H]mannose into glycoprotein and 35 S-methionine. CDG, 9, 43 and essentially all reported CDG cases have two mutations in a single affected gene leading to the disorder. 5, 15, 44 Because most of the consequences of CDG are thought to result from hypoglycosylation of proteins, i.e., the same endpoint for each disease, the broad spectrum of clinical presentations is surprising. The one exception is that the most common PMM2 mutation (R141H) is apparently lethal when homozygous. 41 Most CDG-Ia patients have 0% to 10% normal PMM activity 21, 22, 31, 32 and their asymptomatic parents havẽ 50% residual activity. One remarkably mild case has approximately 15% residual activity resulting from mutations in both parental alleles. 33 Here, we report patients with PMM activities not far below the heterozygous range. The fact that the patients showed substantial amounts of residual PMM activity and had normal levels of glycosylation and normal LLO structure in fibroblasts was puzzling. This finding raises the question of why these children are affected while other parents with 50% residual PMM activity are not. One explanation is that there is a sharp boundary slightly below 50% PMM activity that differentiates "symptomatic and nonsymptomatic" phenotypes. 45, 46 There may be a range of affected target organs analogous to the ocular disorders seen in non-nephropathic cystinosis. 47 In these cases, a serious mutation is paired with a relatively mild one producing a mild phenotype. Another explanation is that other genes, i.e., the genetic background, together with environmental factors contribute to the clinical diversity of this disease. We cannot distinguish between these possibilities at present.
A recent review speculates that limited glycosylation may have a selective advantage. 48 When we sequenced ALG6 from these patients, Patients 1 and 2 both showed a heterozygous amino acid change F304S, whereas this mutation was not present in Patient 3 (DNA was not available for Patient 4).
ALG6 is required to synthesize an LLO, which is efficiently transferred to proteins in the lumen of the endoplasmic reticulum. 48 Even mild heterozygous mutations, such as this one or ones in other such genes, may reduce glycosylation. The phenotypic impact of such mutations would depend on the specific tissue, time of growth or development, and the demand for glycosylated proteins.
Environmental conditions and stresses can also reveal the effects of such mutations. For instance, one CDG-Ic patient lacked heparan sulfate proteoglycan on small intestine enterocytes and developed protein-losing enteropathy only during viral-induced gastroenteritis. 20 The amount and distribution of heparan sulfate improved in the small intestine after recovery, but it was always normal in the more slowly turning over cells in the stomach, esophagus, and colon. Localized proliferation in response to infection seemed to tax the already compromised glycosylation apparatus, leading to enteral protein loss. 20 Other stresses, such as maternal fever during critical gestational periods could affect thermolabile glycosylation phenotypes. Inadequate maternal or fetal nutrition could contribute additional environmental stress. Both mannose and fucose supplements have been used to treat CDG patients, 24, 49, 50 showing that these sugars can have a therapeutic effect. An inadequate supply can contribute to clinical phenotype in susceptible patients.
In summary, we have identified a new mutation in PMM2 and shown that some mildly affected patients have substantial PMM activity. A genotype-phenotype correlation is beginning to emerge 16, 51 for some mildly affected CDG-Ia patients. However, our work also suggests that there is a high threshold for nonsymptomatic PMM deficiency and/or that other genes involved with glycosylation may contribute. Fig. 3 Relative PMM activity from a Saccharomyces cerevisiae sec53 ts strain expressing the PMM2 alleles. Grown and assayed at 37ЊC when possible. The severe mutations had to be grown at permissive temperature, incubated at 37ЊC for 30 minutes to inactivate endogenous PMM. The remaining activity was linear for the duration of the experiment. The activities are expressed as percent of normal human PMM, which was approximately 8.0 nm/min per mg protein.
